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The National Cancer InstituteeMolecular Analysis for Therapy Choice (NCI-MATCH) trial is a national signal-finding precision medicine study that relies on genomic assays to screen and enroll patients with relapsed or refractory cancer after standard treatments. We report the analytical validation processes for the next-generation sequencing (NGS) assay that was tailored for regulatory compliant use in the trial. The Oncomine Cancer Panel assay and the Personal Genome Machine were used in four networked laboratories accredited for the Clinical Laboratory Improvement Amendments. Using formalin-fixed paraffin-embedded clinical specimens and cell lines, we found that the assay achieved overall sensitivity of 96.98% for 265 known mutations and 99.99% specificity. High reproducibility in detecting all reportable variants was observed, with a 99.99% mean interoperator pairwise concordance across the four laboratories. The limit of detection for each variant type was 2.8% for single-nucleotide variants, 10.5% for insertion/deletions, 6.8% for large insertion/deletions (gap !4 bp), and four copies for gene amplification. The assay system from biopsy collection through reporting was tested and found to be fully fit for purpose. Our results indicate that the NCI-MATCH NGS assay met the criteria for the intended clinical use and that high reproducibility of a complex NGS assay is achievable across multiple clinical laboratories. Our validation approaches can serve as a template for development and validation of other NGS assays for precision medicine. Precision medicine attempts to direct treatment for a patient based on molecular alterations known to exist in the patient's disease. The treatment of patients with cancer has been at the center of the evolution for precision medicine studies. Many recently developed treatments, including those approved by the US Food and Drug Administration (FDA), target specific genetic defects known to drive or significantly contribute to the cancer phenotype. Welldefined, reproducible, and robust molecular assays are therefore required that can efficiently assess tumor tissue to identify defects for which a treatment exists. Such assays play a pivotal role in the success of precision medicine.
The National Cancer Institute (NCI) initiated a large national precision medicine trial called the Molecular Analysis for Therapy Choice (referred to as NCI-MATCH) that is conducted through the National Clinical Trial Network and National Clinical Oncology Research Program and led by the Eastern Cooperative Oncology GroupeAmerican College of Radiology Imaging Network (ECOG-ACRIN) Cancer Research Group. The goal of this trial is to screen thousands of patients recruited from up to 2400 National Clinical Trial Network clinical sites who have relapsed or refractory solid tumors and lymphomas after standard systemic treatment for their cancer and then to assign the patients to a treatment appropriately matched to their cancer genotype. Details of the trial and protocol can be found at the NCI website (http:// cancer.gov/nci-match, last accessed October 13, 2016). Targeted next-generation sequencing (NGS) panels can identify mutations in key genes with predictive value for approved or investigational cancer treatments. 4e7 Although NGS technology is a powerful tool, it is also new and not yet standardized among clinical laboratories. Different sample collection and processing methods, sequencing chemistries, instruments, protocols, and data analysis methods are known to affect NGS assay results. 8, 9 In addition, regulatory compliance, such as the Code of Federal Regulations title 21 part 812 for investigational device exemption (Code of Federal Regulations, http://www.accessdata.fda.gov/scripts/cdrh/ cfdocs/cfcfr/CFRsearch.cfm?CFRPartZ812, last accessed October 13, 2016) for the FDA must be achieved for use of assays in clinical trials.
To provide a robust, standardized, and reproducible assay to support the NCI-MATCH trial and accommodate potentially large numbers of specimens, four clinical molecular diagnostics laboratories accredited through the Clinical Laboratory Improvement Amendments (CLIA) program formed a network to synergistically develop and validate the targeted NGS assay system with input from regulatory agencies. These four laboratories are located at Frederick National Laboratory for Cancer Research (FNLCR), Massachusetts General Hospital (MGH), the University of Texas MD Anderson Cancer Center (MDACC), and the Yale School of Medicine (YSM). We report on the methods used and the results obtained during the analytical performance testing and validation for analytical sensitivity, specificity, reproducibility, and limit of detection in each of the four laboratories and the overall combined data set and performance of the four laboratories. We believe our validation approach can serve as a template for development and validation of other clinical applications of NGS in support of precision medicine trials.
Materials and Methods

Tumor Specimens and Cell Lines
For evaluating analytical performance of this assay, archived formalin-fixed, paraffin-embedded (FFPE) clinical tumor specimens with various histopathologic diagnoses from the four network laboratories were chosen as samples of convenience to include a wide variety of known somatic variants encompassing all five variant types: single-nucleotide variants (SNVs), small insertions/deletions (indels), large indels (gap !4 bp), copy number variants (CNVs), and gene fusions. These variants were originally identified by orthogonal analytically validated assays (eg, digital PCR, Sanger sequencing, and fluorescent in situ hybridization [FISH] ) in the CLIA-accredited laboratories. Tumor content for the specimens was assessed by board-certified pathologists.
Although every effort was made to include informative FFPE clinical specimens, a few FFPE cell line pellets were also included in this assay validation study because of the scarcity of specific variant types in available clinical specimens. Cell lines (Supplemental Table S1 ) were obtained from the Frederick National Laboratory for Cancer Research (Frederick, MD), American Type Culture Collection (Manassas, VA), and Coriell Institute for Medical Research (Camden, NJ) and were cultured using vendor-recommended conditions. Cultured cells were harvested and pelleted by centrifugation, fixed overnight in 10% neutral buffered formalin, and embedded in paraffin blocks.
Sections were cut from tumor and cell line FFPE blocks, and the relevant regions were collected for nucleic acid extraction. Numbers of specimens sequenced in each assay performance assessment in the validation study are summarized in Table 1 , and the complete list of the specimens is provided in Supplemental Table S1 .
Assay System and Content
The overall laboratory workflow and components in the NCI-MATCH assay system are depicted in Figure 1 . Clinical biopsy samples were sent overnight to the central pathology laboratory of the MDACC for preanalytical histologic assessment followed by extraction of nucleic acids (DNA and RNA). Nucleic acid specimens from each patient's biopsy sample were shipped to one of the four clinical laboratories where the NCI-MATCH NGS assay was performed using locked standard operating procedures (SOPs) and validated personal genome machine (PGM) instruments. The work used a locked data analysis pipeline, Torrent Suite version 4.4.2 (Thermo Fisher Scientific, Waltham, MA), and Ion Reporter version 4.4.2 (Thermo Fisher Scientific). A variant calling format (VCF) file generated from this locked pipeline was uploaded by each network laboratory to a centralized data processing system, termed MATCHBox, a rules engine designed to analyze all relevant data, including disease histologic and test findings from assays other than NGS (eg, immunohistochemistry for PTEN expression; see below) together with the results of the NCI-MATCH NGS assay to assign patients to trial arms and to generate clinical reports returned to the referring oncologist. MATCHBox is considered outside the assay system and will not be further discussed here.
The Oncomine Cancer Panel assay 10 using AmpliSeq chemistry and the PGM sequencer was selected and optimized for the NCI-MATCH NGS assay. The NCI-MATCH NGS assay system was designed to detect and report 4066 predefined genomic variations, encompassing 3259 SNVs, 114 indels, 435 large indels, 75 CNVs, and 183 gene fusions (Supplemental Table S2 ) across 143 unique genes (after removal of genes duplicated in more than one variant type) (Supplemental Table S3 ) in the Oncomine Cancer Research Panel (Thermo Fisher Scientific). Although other NGS assays attempt to detect gene fusions by sequencing intronic DNA to identify breakpoints, the NCI-MATCH NGS assay detects the targeted gene fusions by sequencing cDNA converted directly from specific targeted RNA transcripts. In addition, the assay reports novel nonsense or frameshift variants in 26 tumor suppressor genes, in-frame deletions in exon 19 of EGFR, in-frame insertions in exon 20 of ERBB2, and in-frame insertions and deletions in exons 9 and 11 of KIT. These reportable variants are collectively termed mutations of interest (MOIs). A subset of these MOIs considered actionable are used for treatment selection in the NCI-MATCH clinical trial and are identified based on the assumption of three levels of evidence suitable for assigning patients to treatment with corresponding drugs present in the trial arms. As stated in the protocol, level 1 evidence is accorded to gene variants that are credentialed for selection of an FDA-approved drug (eg, BRAF V600E and vemurafenib in melanoma) in any tissue; level 2a evidence is accorded to gene variants that are eligibility criteria for an ongoing clinical trial; level 2b evidence is accorded to gene variants that have been identified as a target in an N-of-1 response (eg, TSC1 mutations for everolimus 11 ); and level 3 evidence is based on preclinical inferential data (in vitro or in vivo models) supporting use of the variants for treatment selection (eg, models in which cells or tissues containing a variant respond to the drug, whereas those without the variant do not). Two types of variants with level 3 evidence are gain-of-function variants, such as activating mutations in kinases found in a preclinical model (eg, D769H variant of ERBB2 results in increased tyrosine kinaseespecific activity), and loss-of-function variants in tumor suppressor genes or pathway inhibitors (eg, NF1), producing a stop codon, frameshift, or a demonstrated loss of function of the resultant protein in a preclinical model.
The content of the Oncomine panel will be reversioned and revalidated to match the targets of additional treatment arms in the future.
Overview of Assay Validation Process
The four CLIA-accredited laboratories first defined the general assay system and undertook feasibility testing. The staff from the four laboratories then met face to face to harmonize the experimental conditions, and to edit and finalize common SOPs. The overall process used for this effort was consistent with a quality system approach and followed document design control. This process began with defining and documenting the intended use of the NGS assay. The description of intended use included the details of the assay system, beginning with the details of the clinical specimens and preanalytic processing, through nucleic acid extraction, NGS, and data analysis. Document control included requiring signatures of essential personnel on the documents and SOPs, and reversioning of SOPs occurred whenever changes were made. On the basis of the intended use and assay system feasibility testing, a validation plan was developed to include required minimum assay performance metrics to be tested during the analytical validation. At this point, presubmission discussions were held with the Center for Devices and Radiologicalal Health at the FDA to assess the validation plan and define risks involved in the use of the assay for its clinical intended use as part of the NCI-MATCH trial. Input and suggestions from the FDA were used to modify the validation plan, whereupon locked SOPs were used to test the analytical performance of the assay in each of the four laboratories.
Preanalytical Considerations
To test a broad spectrum of known and clinically relevant variants, it was necessary to use specimens collected and processed in a variety of laboratories using different methods of preparation, not following the NCI-MATCH preanalytical SOPs. Although the specimens used for the assay validation studies were not processed using standard and uniform preanalytic procedures, data quality was high and failure rate as detailed below was very low. For the processing of actual patient samples in the NCI-MATCH trial, a set of standard and uniform procedures were subsequently established [NCI: NCI-Molecular Analysis for Therapy Choice (NCI-MATCH) Trial, http://www.cancer.gov/about-cancer/ treatment/clinical-trials/nci-supported/ncimatch#3, last accessed October 13, 2016] . The full-system fit-for-purpose pre-analytic specimen protocol was then tested in the CLIAaccredited surgical pathology laboratory and Tissue Quali- 16-gauge needle biopsy apparatus were collected from each suitable resection specimen. The cores were fixed in 10% neutral buffered formalin as with routine clinical specimens, placed in the NCI-MATCH specimen collection and shipping kit with temperature control and monitoring devices, shipped overnight to the Tissue Qualification Laboratory in the Department of Pathology at the MDACC, and tracked in the ECOG-ACRIN Central Biorepository and Pathology Facility database, according to the sample collection protocol of the NCI-MATCH trial. The received fixed core biopsy tissue was processed in up to four cassettes to conserve tissue and embedded in paraffin blocks within 36 hours after collection. Quality control and quality assurance evaluation was performed by one of the trial pathologists using a section (4 mm thick) cut from each block and stained with hematoxylin and eosin. The block with the largest amount of intact tumor and the least stroma and inflammation was selected, and the region(s) with viable tumor were demarcated. The tumor content of the demarcated region was estimated as the percentage of the total cell nuclei, and approximately 10 unstained sections were cut for use in microdissection with a No. 11 scalpel under a dissecting microscope with the demarcated slide as a guide, followed by extraction of nucleic acids from the scraped tissue. The goal for tumor enrichment was a minimum of 70% tumor nuclei. Unstained slides for immunohistochemistry were also prepared. Any sample that could not be enriched to the minimum goal was annotated, and its results were reported with a disclaimer.
DNA and RNA Extraction and Preparation
For sensitivity assessment, nucleic acid samples that had been previously processed and analyzed by orthogonal methods in the four laboratories were used. These archived samples had undergone different nucleic extraction methods: FNLCR used Qiagen AllPrep DNA/RNA FFPE kit (Qiagen, Valencia, CA); MDACC extracted DNA using the PicoPure DNA Extraction Kit (Arcturus, Mountain View, CA) and extracted RNA using the Agencourt AMPureXP Kit (Agencourt Biosciences, Beverly, MA); MGH extracted total nucleic acids using the Agencourt FormaPure kit; and YSM extracted DNA using the QIAamp DNA FFPE Tissue Kit and RNA using the Qiagen RNeasy FFPE kit. Nucleic acid samples used in other assessments and the fit-for-purpose study (and subsequently for the NCI-MATCH trial tumor specimen) were extracted by Qiagen AllPrep DNA/RNA FFPE kit. All nucleic acid samples were quantitated by Qubit fluorometer (Thermo Fisher Scientific) before use in the NGS assay.
Library and Template Preparation for NGS Sequencing
The assay required 20 ng of genomic DNA and 10 ng of RNA from FFPE specimens. RNA was reverse transcribed to cDNA using the VILO cDNA Synthesis Kit (Thermo Fisher Scientific). Libraries were then prepared for each sample by setting up three PCR reactions, one for each of the three primer pools (two pools for DNA and one pool for RNA) in the Oncomine Cancer Panel, using either 10 ng of DNA or 10 mL of the cDNA generated for each sample. Thermal cycling was performed according to the manufacturer's recommendations and consisted of 18 cycles of amplification for the DNA reactions and 30 cycles of amplification for the cDNA reactions. After thermal cycling, the two DNA PCR reactions mixtures were combined, and both the DNA and RNA components were treated with the FuPa enzyme to digest the primer regions, ligated with IonXpress barcode oligonucleotides, purified, and quantified using the Ion Library Quantification Kit (Thermo Fisher Scientific).
A 10-pmol/L pool of DNA and RNA libraries in a 5:1 ratio (DNA to RNA) was used to prepare templated ion sphere particles with the Ion PGM Template OT2 200 Kit and the Ion OneTouch 2 instrument (Thermo Fisher Scientific). The templated ion sphere particles were enriched on the Ion OneTouch ES instrument. The Ion PGM Sequencing 200 Kit version 2, Ion 318 version 2 chips, and Ion Torrent PGM were used to sequence the enriched, templated ion sphere particles. All wet laboratory procedures were performed following SOPs based on the manufacturer's instructions.
Bioinformatics and Data Analysis Pipeline
Sequencing data analysis was performed using Torrent Suite version 4.4.2 and Ion Reporter version 4.4.2. This workflow was created by adding the custom hotspots BED (Browser Extensible Data) file (Supplemental Table S4 ) to report the MOIs and a custom CNV baseline (described in the next paragraph) to the default manufacturer's workflow (named the Oncomine Cancer Research Panel version 1.2eDNA and FusionseSingle Sample). This workflow could report SNVs and indels as low as 3% variant allele fraction (VAF), but based on the results of the feasibility study, a threshold was established at !5% VAF. For novel deleterious indels that create frameshifts in protein codon in tumor suppressor genes, a threshold was established at !10%. Detected SNVs and indels also require at least 25 variant-containing reads to be reported as positive. For example, an MOI reported at 5% VAF with a 200 read depth was considered negative because the product of VAF and reads (0.05 Â 200) was <25. This approach combined read depth with allele frequency to ensure confidence in variant calls with either low read depth and/or low allele frequency.
Copy number analysis was performed using the copy number module within the aforementioned workflow of the Ion Reporter system. To create the baseline for CNV calling, nine replicates of a previously generated normal hapmap (haplotype map) data set (triplicates of each of Centre d'Etude du Polymorphisme Humain NA12878, Chinese female NA18526, and Yoruban NA18507) were used at each of the four network laboratories. In the analytical sensitivity study, copy numbers of four or greater were considered concordant if the orthogonal assay also reported a copy number of four or greater for the target genes. Only gene amplificationetype CNVs were validated in this study.
Fusions were detected using the fusion detection module within the Ion Reporter workflow. This pipeline only reported previously annotated fusions as defined in a reference file that was preloaded into the workflow. All fusions with a read count !25 reads, except EGFRvIII mutation (exons 2 to 7 deletion in transcript), were considered positive. A higher threshold with a read count !1000 was established for EGFRvIII based on the level of background noise detected in the feasibility study.
Assay Quality Metrics
To ensure the quality of results obtained from the NCI-MATCH NGS assay and to set quality control criteria for reportable results, quality systems were developed in the four CLIA-accredited laboratories. Thresholds listed in Table 2 were set for library yields, number of DNA reads, number of RNA reads, RNA read length, uniformity, and percentage of amplicons with at least 100Â coverage. These criteria were applied to all validation samples. If a sample failed because of poor sequencing quality (determined by any of the aforementioned metrics with the exception of final library yield), it was reprocessed from template preparation. All other sample failures were repeated from library preparation. A flagged sample proceeded to data review, which included scrutinizing the variant calls using the quality metrics within the VCF file, at which point it could be accepted or rejected. The thresholds of quality control metrics were determined empirically using the data from feasibility study and input from the vendor.
Assay Performance Characteristics and Statistics
As detailed in Results, the laboratory network established the following performance characteristics for the NCI-MATCH NGS assay: sensitivity, specificity, reproducibility, limit of detection, and fit for purpose.
Assay Sensitivity
A true-positive result was defined as an MOI variant that was identified by prior testing in network laboratories and also reported by the NCI-MATCH NGS assay. A false-negative result was defined as an MOI variant previously identified by prior testing in network laboratories or reported by Catalogue of Somatic Mutations in Cancer (COSMIC) database in cell lines but not detected by the NCI-MATCH NGS assay. The assay sensitivity was expressed by the percentage of MOIs detected by the NCI-MATCH NGS assay in the total known MOIs according to the formula: (True Positive)/(True Positive þ False Negative). 12 The 95% CI was estimated using the Clopper and Pearson method (cran.r-project.org, last accessed October 14, 2016). 13 The analytical sensitivity was calculated for each variant type (SNV, indel, large indel, CNV, gene fusion) and all types together in each laboratory and in the four laboratories combined together. The acceptable sensitivity was prespecified as !95% for SNVs and !90% for each of the other variant types within each clinical laboratory and across the four laboratories combined.
Assay Specificity
Specificity was estimated based on the total correct calls of the normal sequence within the total reportable MOIs (a total of 4066 predefined hotspots listed in Supplemental Table S2 plus nonhotspots in 26 tumor suppressor genes). A false-positive result was defined as an MOI reported by the NCI-MATCH NGS assay at a locus that had been previously reported as wild-type sequence in the 1000 Genome Project Consortium. 14 A true-negative result was defined as the absence of an MOI by the NCI-MATCH assay that is in agreement with the previously reported results. Specificity was expressed by the percentage of total correct calls of the normal sequence within the full set of reportable MOIs according to the formula (True Negative)/(True Negative þ False Positive). 12 The 95% CI for each MOI was first estimated according the true negative detection rate across all replicates (20 replicates per laboratory and 80 replicates for four laboratories) in five cell lines using the Clopper and Pearson method (cran.r-project.org). 13 Averaged values of low and high 95% confidence limits across all reportable MOIs were used to represent the interval range for the assay.
The analytical specificity was assessed in each variant type and overall for each laboratory, as well as for the four laboratories combined. The target for acceptable specificity was !99.9% for SNVs, !99.0% for indels and large indels, !97.0% for CNVs, and !99.0% for gene fusions within each laboratory. The acceptable mean number of false-positive variants per tested sample was prespecified to be 0.10 for each laboratory (1 false-positive MOI per 10 tested samples).
Assay Reproducibility
Reproducibility was assessed by calculating pairwise concordance within (intra-) and between (inter-) operators for all assay-reportable variants in each of the 16 nucleic acid specimens separately for DNA and RNA. Positive pairwise concordance was defined as the mean agreement in positive variant calls (MOI variants detected and reported by the NCI-MATCH NGS assay) between two replicates (number of positive variants called in both replicates/the total number of unique positive calls between the two runs). The overall pairwise concordance was defined as the number of MOIs in agreement, positive or negative, between both replicates divided by the number of unique positive and negative calls between the two replicates. Acceptable mean intraoperator and interoperator overall concordance were prespecified to be !99% in each of the four laboratories, as well as combined.
Results
Overall NGS Data Quality
A total of 455 sequencing runs of the NCI-MATCH NGS assay were performed in the four CLIA-accredited laboratories for this analytical validation study. The quality metrics of the assays performed in each individual laboratory and in all four laboratories combined are summarized in Table 2 . During the entire validation study, six samples failed to meet sequencing quality control metrics in the first attempted analysis, but all six samples passed in the repeated analysis.
Nucleic acid specimens were extracted from 18 tissue types plus cell lines for DNA and five tissue types for RNA. Library yields of both DNA samples ( Figure 2A ) and RNA samples ( Figure 2B ) passed the minimal requirement (20 pmol/L) with all tissue types, indicating that successful library preparation was feasible from all tissue types studied.
Sensitivity Assessment
To assess assay sensitivity, a total of 198 specimens (12 FFPE cell lines and 186 clinical specimens) were used to test 265 variants previously verified by orthogonal analytically validated assays or identified in the COSMIC database for well-characterized cell lines (Supplemental Figure S1 and Supplemental Table S5 ). Because of the scarcity of clinical specimens harboring specific variant types (especially indel and gene fusion variants), some specimens were tested in more than one laboratory.
The sensitivity of the NCI-MATCH NGS assay as determined from the combined results in the four laboratories was 99.02% for SNVs, 95.00% for indels, 97.50% for large indels, 92.50% for CNVs, 97.67% for gene fusions, and 96.98% overall for 265 variants combined. The sensitivities for all variants used in each laboratory were 95.59% for FNLCR, 100.00% for MDACC, 98.50% for YSM, and 93.85% for MGH. These results met the acceptance criteria of !95% for SNVs and !90% for each of the other variant types within each clinical laboratory and across the four laboratories combined (Table 3) . Detailed information for all 265 known variants used in sensitivity validation is listed in Supplemental Table S5 . The NCI-MATCH NGS assay detected a total of 257 variants of the 265 previously identified (Supplemental Table S5 ) variants combined among all four laboratories. The eight false-negative variants included one SNV (c.3140A>G in PIK3CA), two indels (c.821delG in PTEN and c.233_234insT in TP53); one large indel (c.2236_2248delGAATTAAGA-GAAGinsCAAC in EGFR); three CNVs in ERBB2, PDGFRA, and KRAS; and one gene fusion (EML4-ALK E20A20). The allele frequency of SNV c.3140A>G in PIK3CA was seen at 2.8% in the VCF file, but this percentage was below the NCI-MATCH assay reportable threshold of 5% VAF. Because we would have filtered out this call because of the allele frequency below our threshold, this call was counted as a false-negative result. The indel c.821delG in PTEN was not detected because of strand bias (ie, lack of coverage from both strands). A long homopolymeric region upstream from the variant likely blocked the efficient extension of the strand by the polymerase (Supplemental Figure S2A ). For the indel c.233_234insT in TP53, we did not observe any evidence of the reported variant allele. Because the orthogonal NGS assay detected this variant at 15% VAF, this variant was determined to be a false-negative result (Supplemental Figure S2B) . The large indel c.2236_2248delGAATTAAGAGAAGinsCAAC in EGFR is a complex variant with a large (approximately 9 bp) deletion in combination with two single-base substitutions. Although the sequencing reads carrying the previously reported (Supplemental Table S5 ) variant allele were observed, it was not reported by the data analysis pipeline (Supplemental Figure S2C) . The CNVs were not considered to be detected because the copy numbers reported by the assays were below the established threshold of 4: ERBB2 copy number was 2.8 as contrasted with 5.8 in the FISH-based orthogonal assay, PDGFRA copy number was 2.9 as contrasted with >25:1 amplification with FISH, and KRAS copy number was 3.5 as contrasted with 6.7 for FISH.
Specificity Assessment
For specificity analysis, five normal hapmap cell lines [Finnish (HG00272), Han Chinese (HG00403), Puerto Rican (HG00640), Japanese (NA18950), and African Ancestry (NA19701)] were cultured and prepared as FFPE cell pellets before DNA and RNA extraction. Each of the five hapmap cell lines was characterized by the NCI-MATCH NGS assay in quadruplicate at each laboratory.
The NCI-MATCH assay reported four false-positive variants in 80 total assay runs of the hapmap samples across the four laboratories (Supplemental Table S6 ). Although each of five hapmap samples was sequenced 16 times across the four laboratories, each of the four falsepositive variants was reported in only one replicate. The resulting estimated number of false-positive variants per sample was 4 of 80 (0.05), meeting the acceptance criteria of <0.1 false-positive variant per sample. The overall specificity of the NCI-MATCH NGS assay across the four laboratories was 99.99% for SNVs, 99.98% for indels, 100.00% for large indels, 100.00% for CNVs, 99.99% for gene fusions, and 99.99% for all reportable variants. These results met the acceptance criteria of !99.9% for SNVs; !99% for indels, large indels, and gene fusions; !97% for CNV; and overall acceptance criteria of !99% ( Table 4) .
The four false-positive variants were one SNV variant (c.1207G>T, p.Glu403Ter in APC in HG00640), two indel variants (c.3909_3910insC, p.Arg1304fs in PTCH1 in HG00640 and c.1309_1310insT, p.Thr438fs in MSH2 in HG00272), and one gene fusion (FGFR3-TACC3.F15T1 in HG00403). The four variants reported by the NCI-MATCH NGS assay were false-positive variants because no such variants have been reported in corresponding hapmap cell lines in the 1000 Genomes Project. Gene fusion FGFR3-TACC3.F15T1 was detected with 440 read counts only once in 16 replicate analyses of the HG00403 hapmap cell lines across all four laboratories. Further examination of the binary alignment map (BAM) file using the Integrative Genomics Viewer 15 revealed a rare mispriming event that was identified as a series of six homozygous variants in one of the fusion partners, which could be mapped to a different region of the hg19 reference genome (Supplemental Figure S3) . To reduce potential false reporting of fusion variants in clinical samples by the NCI-MATCH NGS, the SOP for evaluation of all gene fusions requested examining the BAM file in the Integrative Genomics Viewer to eliminate the false-positive variants that resulted from mispriming.
Four other variants (SNV c.5557G>A in ATM in HG00272, SNV c.1124A>G in MET in HG00403, and SNV c.215C>G in TP53 in all five hapmap cell lines and large indel c.6859_6863delAGTCA in NF1 in HG00272) reported by the NCI-MATCH NGS assay in all replicates analyses of these hapmap cell lines were confirmed as truepositive variants because they were previously reported at similar allele frequency in the 1000 Genome Project. 14 
Reproducibility Assessment
Reproducibility was evaluated on nine DNA and seven RNA samples extracted from 16 different clinical specimens. There were 15 known sample-specific variants: five SNVs, one indel, one large indel, and one CNV in nine DNA samples and seven gene fusions in seven RNA samples. Aliquots of the same nucleic acid samples were characterized by the NCI-MATCH NGS assay in four laboratories. In each laboratory, each of the samples was analyzed by different operators, and each operator performed the assay twice. The assay replicates were generated by construction of new library preparations proceeding through sequencing and data analysis of the specimen. Two different instruments were used by each operator for each of their replicates. Each laboratory had two operators except YSM, which included a third operator in the analysis (Supplemental Table S1 ).
The NCI-MATCH NGS assay reported a total of 45 variants: 25 SNVs, 9 indels, 1 large indel, 3 CNVs, and 7 gene fusions in 16 nucleic acid samples analyzed in the four clinical laboratories. Of the 45 reported variants, 15 (5 SNVs, 1 indel, 1 large indel, 1 CNV, and 7 gene fusions) were identified previously, and 30 (20 SNVs, 8 indels, and 2 CNVs) were previously unknown. The assay identified all expected variants in 16 replicates, which revealed 100% concordance for pairwise intraoperator and interoperator comparisons. A total of 37 of the 45 reported variants were concordantly called by the NCI-MATCH NGS assay, but 7 variants (representing 6 unique variants) were detected only once, and 1 indel variant was detected twice among the 16 technical replicates in the four network laboratories. Those seven discordantly detected unique variants were an indel in BRCA2 (chr13: 32918765, A insertion), an indel in BRCA2 (chr13: 32932004, G deletion), an indel in MSH2 (chr2: 47672720, T insertion), an indel in NF1 (chr17:29553531, T insertion), an indel in PTCH1 (chr9: 98209629, G insertion) detected in two separated samples; an indel in PTCH1 (chr9: 98209594, A insertion), and an SNV c.452C>G in TP53. The detection results of 45 reported variants across 16 technical replicates in the four laboratories are depicted in tile plots (Figure 3, A and B) , and the reported variants in reproducibility assessment are listed in Supplemental  Table S7 . The intralaboratory and interlaboratory and operator pairwise concordances over 45 detected variants (positive concordance) and all reportable variants (overall concordance) were calculated and summarized in Table 5 . The mean positive concordances for all intraoperative and interoperator pairwise comparisons over 45 reported variants were >96% in nine DNA samples and 100% in seven RNA samples. The mean overall concordances over all MOI loci were !99.99% among all intraoperator and interoperator pairwise comparisons. The reproducibility of the NCI-MATCH NGS assay met the required acceptance criteria of 99% for overall concordance. The reproducibility in variant allele frequency ( Figure 3C ) or copy number ( Figure 3D ) of 30 commonly detected DNA variants are depicted in box plots.
Limit-of-Detection Assessment
To assess the limit of detection of variant calling, two mixed DNA samples were used. Pool 1 consisted of an SNV (BRAF, c.1799T>A, p.V600E) at 50% allele frequency and a MYC amplification (CNV) at 60 copies. Pool 2 consisted of one large indel (RB1, c.346_349delACTT, p.T116fs*8) at 100% allele frequency and one indel (TP53, c.1023delC, p.R342fs*3) at 100% allele frequency. Each pool was diluted with FFPE Hapmap Centre d'Etude du Polymorphisme Humain (NA12878) DNA to obtain twofold serially diluted samples to estimate the lowest VAF or copy number detected by the NCI-MATCH NGS assay in SNV, indel, large indel, and CNV variant types. To assess the lowest detection variant calling, the rule of 5% VAF detection threshold and 25 sequencing reads with the variant was not applied.
A gene fusion variant was excluded from limit-ofdetection assessment because the assay is designed to detect only gene fusions that are specifically targeted. Unlike the detection for DNA variants, there was no competition between the normal and fusion RNA transcripts for this fusion-specific PCR amplification. Therefore, the detection of gene fusion variants was considered as binary (ie, detected or not).
The detected VAFs of four variants in a dilution series across the four laboratories are depicted in a tile plot (Table 6 and Supplemental Table S8 ). As indicated in Table 6 , the observed VAFs of detected SNV variants ranged from 45.00% to 2.80%, with an expected decrease in VAF with each dilution point. Similarly, observed copy numbers of detected MYC CNV ranged from 28.7 to 4 with an expected decrease in copy numbers with each dilution point. The higher than expected VAF for BRAF SNV mutations are likely the result of aneuploidy in chromosome 7 (six copies) in the source cell lines UACC62. 16 For the pool consisting of an indel and large indel variants, both variants were detected at the first two dilution points in three laboratories, but MDACC detected at the first dilution points only for the large indels. The results of limit-of-detection studies are consistent with the default detection limit used in the data analysis pipeline.
Fit-for-Purpose Assay System Assessment
To test the full assay system and informatics analysis pipeline performance from biopsy collection through the MATCHBox upload and reporting, the tumor in 22 prospective clinical surgical resection specimens was subjected to core needle biopsy as described above. The purpose of this effort was to reveal that all aspects of the NCI-MATCH assay system were fully functional and ready to accept specimens from patients. The criteria for evaluating if a specimen passes the fit-for-purpose testing included the NGS data passed the quality control metrics; the genomic results were successfully uploaded into MATCHBox; and variant calls and any treatment assignment were reported correctly.
The 22 samples consisted of 16 different tumor types (Supplemental Table S9 ). Of the 22 samples, 16 were analyzed once by FNLCR and 6 were analyzed either two or three times by the three other laboratories to test the reproducibility of reportable MOIs, resulting in a total of 32 runs of the assay. Although 29 runs passed the quality control metrics, three specimens analyzed by FNLCR failed to pass, yielding a 90.6% (n Z 29/32) success rate. Two specimens (a squamous cell lung carcinoma and a hepatocellular carcinoma) failed to yield amplicon uniformity >80%, and the third specimen (a gastrointestinal stroma tumor) failed to generate a sufficient quantity of AmpliSeq library after two attempts (Supplemental Table S9 ). The VCF and BAM files of all 29 passing runs were successfully uploaded to MATCHBox. Of the six clinical specimens analyzed by MDACC, MGH, and YSM, two were tested in two laboratories, and the other four were tested in three laboratories. A total of 11 MOIs (8 SNVs, 1 indel, and 2 CNVs) were reported by MATCHBox for these six specimens. A CCDC6-RET.C1R12 fusion variant was detected in one of three laboratories and was considered a false-positive variant because of contamination. All 11 MOIs were detected at similar VAF or copy number in all replicates performed in different laboratories (Table 7) , resulting in 100% mean cross-laboratory pairwise concordances for both positive and overall concordances.
The fit-for-purpose study found that the NCI-MATCH NGS assay system was fully functional in all aspects and capable of supporting the NCI-MATCH clinical trial. The fact that 29 of 32 runs passed the quality control metrics (90.6% successful rate) was considered acceptable for clinical specimen performance.
Discussion
We outline an approach for clinical NGS assay development and analytical validation that was used successfully to prepare the NGS assay system for the NCI-MATCH clinical trial. Our validation involved testing cells and tumor tissues of multiple types in an effort to determine assay performance over a wide range of tumor specimens likely to be submitted for the NCI-MATCH NGS assay. We also focused on testing representative variants from each of the different variant types interrogated by the assay: SNV, indel, large indel, CNV and gene fusion. Not every reportable variant could be tested because the number of variants deemed reportable is very large, and the rarity of some variants made obtaining clinical specimens harboring such variants extremely challenging. However, an effort was made to represent a range of typical and frequent variants. As indicated by the results, the NGS assay system met the intended performance metrics.
Overall the assay produced robust results for all specimens, except for six samples that failed to pass quality metrics but passed when sequenced a second time. Furthermore, an effort was made to reveal that robust sequence results could be obtained from multiple tissue types. Eighteen different tissues and cell lines were evaluated for sequencing of DNA, and five different tissues were evaluated for RNA sequencing. These specimens represented tissues that are likely to be submitted for the NCI-MATCH trial screening and included tissues that may be difficult to sequence, such as pancreas, melanoma, skin, and bone. There were no detectable tissue-related failures when nucleic acid yields and sequencing quality metrics were achieved. This result suggests that DNA and RNA recovered from many different tissues can be successfully and accurately sequenced by this protocol.
Predefined metrics for sensitivity were met by each laboratory and across all laboratories (Table 3) . Specificity results also met the high degree required (Table 4) . Specificity was considered a critical component for the assay's intended use. Although it is important to minimize both false-positive and false-negative results, the NCI-MATCH leadership agreed that false-positive results would be of greater concern in this study because of the resultant drug assignment. The results observed in the limit-of-detection experiments indicated that the assay is capable of detecting variants at a level below the assay-defined limits (observed 2.8% for SNVs, 10.5% for indels, and 6.8% for large indels and four copies for gene amplification) (Table 6 ). Importantly, excellent reproducibility was found across the four laboratories (Table 5) . These results are noteworthy because, to date, concerns have been widely expressed about the complexity, accuracy, and reproducibility of NGS for application in clinical trials. 17, 18 Our results clearly indicate that locked and controlled procedures permit reliable, accurate, and reproducible use of NGS for clinical purposes. Reproducibility was found for variants known to exist in the specimen and across all reportable variants sites (MOIs), whether the allele was found or not on comparison to the human genome hg19 reference sequence.
Assays developed independently of this particular assay may not indicate similar reproducibility to this specific assay, owing to the complexity of the assay systems. The topic of how well different clinical assays reproduce clinically relevant results is of great interest, and we hope that data addressing such comparisons will soon be available. This conclusion argues for continued development and implementation of assay standards, control materials, and proficiency testing that can be shared across laboratories in an effort to assess cross-assay performance comparisons. The standards and controls would complement traditional proficiency panels.
The discordant results observed between NGS and FISH assays for CNVs in our sensitivity study may have occurred as a result of heterogeneity in tumor samples and differences in measurement procedures. FISH assays rely on the signal number and a ratio of the locispecific probe to a chromosomal centromeric probe, whereas NGS assays rely on read depth or counts of amplicons across the gene compared with a normal genome baseline. The NGS assay sometimes reported fewer copies than FISH. Results of FISH focus exclusively on tumor cells, whereas NGS assays rely on read depth or counts of amplicons across the gene that are affected by the presence of nucleic acids from nonneoplastic cells. The SOPs used for the NCI-MATCH trial require tumor enrichment to achieve >70% viable tumor content. Nevertheless, each sample contained significant amounts of nontumor cells, which would artificially lower the observed CNV scores. Increasing the percentage of tumor cells in the samples by enrichment methods, such as laser capture microdissection, may provide more accurate copy numbers for the genes tested. In addition, discordance between NGS and FISH for CNV may arise in part from underestimations of aneuploidy within the tumor cells analyzed by FISH.
The detection of false-positive fusion variants by sequencing RNA in our fit-for-purpose study highlights the risks of cross-specimen contamination in high-throughput NGS assays that include gene fusions as targets. When a fusion-positive specimen is analyzed, a tremendous amount of uniform PCR product is generated, which entails the possibility of carrying minute amounts of these products forward in subsequent analyses. Consequently, the SOPs used for this assay note that great attention should be focused on samples processed in close temporal proximity to fusion-positive samples. If other specimens were found to contain the exact same gene fusion but with lower levels of detection, the laboratory repeated both suspected specimens. In addition, no-template controls (without the addition of nucleic acid) were tested periodically and immediately after suspected contamination was observed. For the trial, a laboratory will remain off line and not test patient specimens until the suspected contamination is resolved and notemplate controls reveal the absence of fusion products. In general, good clinical laboratory and PCR practices should minimize such episodes of possible contamination. Because it was not necessary for the specimens sequenced in analytical validation to be collected and processed following the NCI-MATCH pre-analytical SOPs, all fit-for-purpose specimens were processed consistent with the NCI-MATCH preanalytical SOPs. The three samples that failed to produce sequence in the fit-for-purpose study may have resulted from the process chosen to collect the specimens. The fit-for-purpose specimens were collected from surgical resection specimens; therefore, there were substantially longer intervals of warm ischemia than would be expected with core needle biopsy specimens or needle aspirates. The core needle biopsy specimens used for routine NCI-MATCH specimen collection will come directly from the tumor in the patient; therefore, less time will elapse before the tissue is placed in fixative.
In conclusion, the NCI-MATCH trial will provide an opportunity for cancer patients to be matched to treatments targeted to specific molecular defects based on the genomic analysis of their tumors. A targeted NGS assay has been developed and analytically validated to support this trial. We have described the process used for development and validation of this assay system. This analytical validation study clearly found that the assay met the expected performance requirement for the intended use. In addition, the ability to accurately report results from multiple tissue types (including pancreas, melanoma, bone, and skin) suggests that nucleic acid specimens recovered from multiple tumor tissue types are acceptable. These validation data were submitted as an appendix to the NCI-MATCH trial Investigational New Drug documentation. This validation effort indicates that NGS assays can be robust and reproducible if the assay system is defined and standardized by locked SOPs. The process described within this article can serve as a template for other investigators who develop and validate NGS assay systems intended to measure biomarkers in CLIA laboratories to determine eligibility, assign treatment, or assess outcome in clinical trials (integral biomarkers). 
